Abstract Flow characteristics in microfluidic devices is naturally laminar due to the small channel dimensions. Mixing based on molecular diffusion is generally poor. In this paper, we report the fabrication and characterization of active surface-acousticwave-driven micromixers which exploit the acoustic streaming effect to significantly improve the mixing efficiency. A side-by-side flow of water and fluorescent dye solution was driven by a syringe pump. Surface wave with a frequency of 13 MHz was launched perpendicular to the flow. The wave was generated by two designs of interdigitated electrodes on LiNbO 3 substrate: parallel electrodes and focusing electrodes. cation of the micromixer is compatible to current technology such as soft lithography and deep reactive ion etching. Despite the high throughput and fast mixing time, the mixer design is simple and could be integrated into any microfluidic platform.
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Introduction
Mixing at microscale is a difficult task due to laminar-flow characteristics. In general, mixing in high-throughput applications require an active mixer which utilizes external disturbances. Different types of external disturbances have been reviewed [1] in micromixing such as pressure [2] , electrohydrodynamics [3] , dielectrophoresis [4] , electroosmosis [5] , magnetohydrodynamics [6] , and heat [7] . Acoustic energy is another candidate for realizing active mixers. Yang et al. [8] generated an acoustic field using a piezoelectric lead zirconate titanate (PZT) membrane to enhance mixing. Bubble-based acoustic mixers [9, 10] have shown significant improvement in mixing performance. Exploiting surface acoustic wave (SAW) to induce acoustic streaming is another method to enhance mixing. A SAW device consists of a pair of interdigitated electrodes deposited on a piezoelectric material. Applying an alternate-current (AC) voltage on the electrodes at a right frequency will launch an elastic wave along the substrate surface.
Compared to other methods, the advantages of SAW based micromixer are its simple fabrication, large disturbance force and especially fast operation.
In the literature, SAW-based micromixer have been categorized under SAW-driven mixer in both droplet-based and continuous-flow microfluidics. In droplet-based micromixer, SAW has been demonstrated as a driving and disturbance source for rapid mixing [11] [12] [13] [14] . The working principle of SAW-driven droplet-based micromixer relies 3 on strong internal flow within the droplet and induced by SAW. Mixing quality is reported to be effective for droplet with diameters larger than the SAW wavelength due to better coupling effect of the acoustic energy into the droplet. By tuning the SAW input power, mixing rate and mixing efficiency could be adjusted accordingly.
However, very few studies on SAW-based micomixer for continuous-flow microfluidics have been reported in the literature. Srithiran et al [15] demonstrated a SAW mixer in a Y-shaped channel. To maximize the acoustic effect, the SAW device is placed directly under the junction of the two inlets. The wave propagation is designed to be perpendicular to the flow direction. Different voltages were used to verify the mixing efficiency at a fixed flow rate of 250 µm/s. Complete mixing was achieved at a distance of 2 mm downstream. Tseng et al. [16] also reported a micromixer utilizing SAW on a Y-shaped channels. Two designs were employed: the parallel type and the transversal type. In these designs, the wave propagation is parallel and perpendicular to the flow direction, respectively. The SAW is placed away from the channel. This paper reported a mixing efficiency of more than 80% at 2 mm downstream from the inlet junction with a Peclet number on the order of Pe = 7 × 10 3 .
In this paper, the concept of SAW induced mixing of continuous flow is applied to a micromixer working with a high sample flow rate. Relatively high flow rates of 2 ml/h, 5 ml/h and 10 ml/h were investigated. Water and fluorescent dye solution were used in a side-by-side configuration for the mixing experiments. Interdigitated electrodes are placed from a distance perpendicular to the mixing channel. In our work, the Peclet number could be as high as Pe = 74.4 × 10 3 . Compared to the above mentioned two SAW-based micromixers [15, 16] , our Peclet number is much higher . Good mixing was achieved at a distance of 10 mm downstream from the inlet even at such high Peclet number. For the first time, we employed focusing interdigitated electrodes to concentrate the acoustic energy and therefore significantly improved the mixing quality compared to the traditional parallel interdigitated electrodes. The fabrication of our micromixers is based on standard lithography and etching processes. Following, the design, the fabrication and the characterization of these SAW-based micromixers are described.
2 Device concept and fabrication technology
Acoustic streaming
As mentioned above, the so-called surface acoustic wave is generated by interdigitated electrodes deposited on a piezoelectric substrate. The elastic wave travels along a path and its energy is confined to a thin layer at the substrate surface. Upon interacting with the liquid, leaky acoustic wave is launched into the liquid at a refraction angle θ R according to Snell's law:
where V l and V s are the propagation velocities of the wave in the liquid and the substrate, respectively. Acoustic streaming is induced, as the solid substrate interacts with the liquid. Since the wave is launched perpendicularly to the flow direction, acoustic streaming improves transversal mass transport and rapidly mixes the liquids, Figure   1 . Since acoustic streaming is a non-linear, second-order phenomenon, the velocity of acoustic streaming is proportional to the square of the applied voltage [17] . Mixing efficiency is therefore expected to be a second-order function of the applied voltage. 
Device concept
Our SAW-driven micromixer consists of a microchannel bonded to a piezoelectric substrate. The microchannel has two inlets and two outlets. The detailed dimensions of the mixing channels are depicted in Fig. 2 . The liquids to be mixed are introduced in a side-by-side configuration. The electrodes of the conventional parallel design and the focusing design are shown in Fig. 2 . When an radio frequency (RF) signal is applied to the electrode, SAW is generated and propagates transversal to the mixing channel.
Acoustic streaming occurs when the wave interfere the liquids. Mixing is induced due to the disturbance of the transversal acoustic streaming. By varying the applied voltage and the flow rate, mixing effects can be studied. The electrodes of the focusing design are concentric arcs with an opening angle of 90
• . By adapting the arc-shaped interdigitated electrode design, the acoustic energy can be focused [18] . The propagation and distribution of acoustic energy was described using Gaussian beam theory elsewhere [19] . The focused wave energy increases the amplitude of the wave and generates a larger disturbance force as compared to the traditional parallel design. The channel is positioned at the focal point to optimally exploit the effect for mixing purpose.
Fabrication technology
The first step in the fabrication process of the micromixer was the preparation of the SAW substrate as shown in Figure 3 
Experimental setup
The interdigitated electrodes have ten fingers pair with and electrode width and a spacing of 125 µm each. The device was characterized using a RF network analyzer (Agilent E5061A) using the single electrode pair as both the emitter and receiver. The first resonance frequency of the generated SAW was measured at 13 MHz. A continuous AC signal was generated by a signal generator (Tektronix AFG3022) and amplified by a RF power amplifier (EN440LA, 35 W). The signal was subsequently fed directly to the interdigitated electrodes to generate the SAW. 
where I i (t) is the normalized average intensity of line i at time t. The mixing efficiency at time t is calculated as:
where N is the number of lines along the width of ROI, I i (0) and I i (t) are the normalized average intensity value of line i before turning on the SAW (t ≤ 0) and time t.
The normalized intensity value of each line in the perfectly mixed state is denoted as 
where U is the mean flow velocity, D h is the hydraulic diameter of the channel and ν is the kinematic viscosity of the fluid (ν=0.8 × 10 −6 m 2 /s). The Peclet number Pe is the ratio between the advective transport and the diffusive transport:
where W is the width of the channel, and D is the diffusion coefficient of the fluorescent dye. The diffusion coefficient of the fluorescent dye used in our experiments is D = 1.5 × 10 −9 m 2 /s . In this study, mixing experiments at three different flow rates of 2 ml/h, 5 ml/h and 10 ml/h were carried out. Table 1 summarizes the corresponding Reynolds numbers and Peclet numbers used in our experiments. 
Results and discussion
The mixing effect due to acoustic disturbance was recorded by the CCD camera. Representative intensity images of the channel end at the beginning of the capturing process (t ≤ 0 s) and at t = 0 s after the capturing trigger are shown in Fig. 4 . Normalized intensity values and the mixing efficiencies of the images in Fig. 4 are shown in Figure   5 . Without acoustic disturbance, mixing in the channel solely relies on molecular diffusion. The recorded images (Fig. 4 ) and the evaluated data (Fig. 5) show that mixing at t ≤ 0 s is very poor and the efficiency is close to 0. When a driving voltage of an peakto-peak amplitude of 33 V was applied to the electrodes, transversal acoustic streaming occurred and induced mixing can be observed immediately. The mixing process starts at t > 0 s and mixing efficiency increases with time as shown in Fig. 5 .
A remarkable improvement in mixing efficiency was observed with the focusing design. The mixing efficiency was 0.78 while the mixing efficiency of the parallel design remained at about 0.5. At the same applied voltage, focusing design offers a much better mixing quality compared to the parallel design. It is understandable by that fact that focusing SAW delivers a much larger disturbance energy to a confined area in the mixing channel (Fig. 3(c) ) compared to a weaker energy spread over the entire channel in the case of parallel SAW (Fig. 3(b) ). The stronger the disturbance energy, the better is the mixing quality.
Mixing quantification could also be evaluated through the probability distribution function (PDF) or the histogram of the concentration of the images [20] . [17] . The second feature is the limiting value for the mixing efficiency at different flow rates. Since the focusing design can achieve better mixing at lower applied voltage, the limiting value is observed to be 0.9 as shown in Fig. 7(b) . Further increase of the applied voltage will not improve the mixing efficiency. The efficiency tends to converge to this limiting value faster at lower Peclet 11 numbers. Based on the trend shown in Fig. 4(a) , the parallel design could reach this limiting value at a higher voltage beyond 100 V. The effect of Peclet number on the efficiency curve is similar to that of a focused design.
The focused SAW design confines the wave to a small area and improves mixing.
However, a high applied voltage could also result in heating of the substrate and the samples inside the microchannel. Heating effect could pose a problem for temperature sensitive samples. An infrared (IR) camera (NEC Thermal Tracer TH9100MR) was used to investigate the thermal effect of the focusing SAW device. Fig. 8(a) shows the measured temperature distribution on the substrate under an applied voltage of 75 V.
The highest temperature of 73
• C was observed in the area matching with the focal point of the IDT. The relationship between the measured temperatures and applied voltages is shown in Fig. 8(b) . The induced temperature increase is not necessarily a drawback. This phenomenon can be useful for applications requiring controlled heating such polymerase chain reaction.
One design factor that could affect mixing efficiency is the thickness of the side channel of the PDMS cover. The thicker the side wall is, the more acoustic energy is absorbed hence the lower the mixing efficiency will be. The thickness of the PDMS side wall in the above experiments was 1.5 mm, Fig. 3(a) . To verify the above hypothesis, 
